Reducing friction resistance and aerodynamic heating has important engineering significance to improve the performances of super/hypersonic aircraft, so the purpose of transition control and turbulent drag reduction becomes one of the cutting edges in turbulence research. In order to investigate the influences of wall cooling and suction on the transition process and fully developed turbulence, the large eddy simulation of spatially evolving supersonic boundary layer transition over a flat-plate with freestream Mach number 4.5 at different wall temperature and suction intensity is performed in the present work. It is found that the wall cooling and suction are capable of changing the mean velocity profile within the boundary layer and improving the stability of the flow field, thus delaying the onset of the spatial transition process. The transition control will become more effective as the wall temperature decreases, while there is an optimal wall suction intensity under the given conditions. Moreover, the development of large-scale coherent structures can be suppressed effectively via wall cooling, but wall suction has no influence.
Introduction
Recently, the development of near space super/hypersonic air-breathing aircraft has become a hot research topic in aerospace technology. The transition process from laminar flow to turbulence exists widely in the super/hypersonic aircraft boundary layers, resulting in a sharp increase in the friction resistance and heat flux. Therefore, it would have important engineering significance for super/hypersonic aircraft design on understanding the mechanisms of the transition, as well as accurately predicting and controlling the transition.
Due to the development of computational fluid dynamics (CFD) and computer technology, numerical simulation has become a more and more important tool for transition research [1] [2] [3] . Large eddy simulation [4] (LES) is developed for the comprehensive consideration of the requirements of engineering applications and the limitations of computational resources, and it is a numerical method between Reynolds-averaged Navier-Stokes equations (RANS) and direct numerical simulation (DNS). Compared with RANS on the one hand, the subgrid-scale model can be universal and provide the true information of instantaneous flow field, indicating that LES can be applied to predict the separation, transition, and other complex flow phenomena. By comparing it with DNS, on the other hand, LES can save considerable computational resources and be adaptable to high Mach number and Reynolds number flows. Currently, LES has been successfully applied to the numerical simulation of boundary layer transition [5] [6] [7] [8] [9] and had positive effects on the mechanism study of transition.
A distinctly practical motivation for transition research is the desire to effectively control the process from laminar flow to turbulence. Depending on the circumstances, the effects of transition control can be divided into two aspects. One is to promote transition, such as promoting the mixing of fuel and air in combustors. On the other hand the other aspect is to delay it, namely, laminar flow control (LFC) technology. For example, in order to reduce the skin friction drag and heat conduction, the boundary layer can be kept as a state of laminar flow through LFC. A review of this field was given by Reshotko [10] . Well-established boundary layer transition control techniques include the application of pressure gradients, wall motion, wall suction or blowing, wall heating or cooling, and the injection of different gases into the boundary layer [11] . These control techniques are based on a stabilization of the mean laminar boundary layer profile. Kleiser and Laurien [12, 13] also realized the direct control of instability waves by superposition of antiphased disturbances. The above methods are active control techniques; in addition, there are passive control techniques. Domaradzki and Metcalfe [14] obtained twice the normal transition Reynolds number through the use of compliant surfaces in boundary layer flow.
Wall cooling and suction are the main techniques for compressible boundary layer transition control. The linear stability theory indicates that wall cooling is expected to be stabilizing for first mode disturbances and destabilizing for second mode disturbances, while wall suction is expected to be stabilizing for both first and second mode disturbances. The stability theory cannot predict the transition, while numerical simulation can obtain the whole transition process. In this paper, the effects of wall cooling and suction on the spatially evolving supersonic flat-plate boundary layer transition and fully developed turbulence at freestream Mach number 4.5 are performed by using LES.
Numerical Simulation Method
A massive parallel numerical simulation platform for LES developed by ourselves is used in present work. In this code, the Favre filter is applied to the compressible NavierStokes (NS) equations, while the filtered energy equation is represented in terms of Vreman's resolved total energy [15] . The subgrid stress is modeled by a dynamic mixed subgrid-scale (SGS) model [16] , which is extended from the combination of compressible Smagorinsky model and scale similarity model. The subgrid heat flux is modeled using the eddy diffusivity model.
The governing equations are approximated by a finite difference method. After the local Steger-Warming flux splitting, the convective terms are discretized with a fifth-order upwind compact difference scheme, which is developed by Fu and Ma [17] . A sixth-order central compact difference scheme developed by Lele [18] is applied to the viscous terms. The time integration is conducted by an explicit third-order Runge-Kutta method [19] , which satisfies the TVD property. The parallel computation is implemented based on MPI.
The computational configuration of a flat-plate is shown in Figure 1 . The -, -, and -axes are set along the streamwise, wall-normal, and spanwise directions, respectively, and , , and are the size of the computational domain in the corresponding directions. The inflow boundary of the computational domain corresponds to a location in from the leading edge of the flat-plate. Because of using the spatial mode, the initial flow field of the inflow boundary consists of two parts: one part is the basic mean flow, and the other part is the disturbances which are introduced to make the transition occur. The mean flow is the similarity solution of the compressible laminar boundary layer, while the disturbances consist of a pair of the most unstable oblique first mode disturbances [20] . Periodic boundary condition is imposed on the spanwise direction, and nonslip boundary condition is employed on the flat-plate. In order to effectively implement nonreflecting boundary condition, the fringe method [21] is adopted for the outlet and upper boundary. In this method, a buffer region is added to the boundary of the original computational domain. In order to decay the reflected wave, the artificial dissipation is added to the governing equations in this region.
According to the above method, the spatial transition process over a flat-plate boundary layer at a freestream Mach number of 4.5 and a Reynolds number of 10000 based on freestream velocity ∞ and inflow displacement thickness 0 has been investigated in [22] . The location in is equal to 90.5 0 . The wall temperature is chosen to be equal to its laminar adiabatic value. The three-dimensional computational domain consists of 418.88 0 × 7.57 0 × 60 0 ( × × ). The total number of grid points is 983 × 101 × 33 ( × × ). The grid spacing is placed uniformly along the spanwise direction and stretched following a hyperbolic tangent law along the wall-normal direction. The grid is uniform along the streamwise direction where < 430.85 0 and stretched grid is used as a buffer region downstream. The following studies of wall cooling and suction effects are based on this simulation result.
Results and Discussion
Because the spanwise direction is periodic, the mean values are obtained by the ensemble averages both in time and in spanwise direction. In the analysis to follow, an angle bracket or an overbar denotes a Reynolds-averaged quantity, and a single prime represents a fluctuation relative to Reynolds average. 
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Wall Cooling.
In order to investigate the influence of wall cooling, the supersonic flat-plate boundary layer transition processes at three different wall cooling conditions are calculated, and the wall temperatures are shown in Table 1 . The subscript " " represents the dimensionless quantities on the wall. C0 represents the case in [22] , while the calculation parameters of case C1 to case C3 are the same as C0 except for the wall temperature. The wall temperature is successively reduced from case C1 to case C3, reflecting the effect of wall cooling enhanced. Figure 2 depicts the evolution of the skin friction coefficient along the streamwise direction for all cases, which is defined as
It can be seen that the skin friction increases fast at ≈ 170 0 for C0, and the corresponding transition Reynolds number Re is about 1.7 × 10 6 . When the wall temperature drops to 0.9 , the skin friction rises up quickly at ≈ 175 0 for C1, and the corresponding transition Reynolds number is about 1.75 × 10 6 , which increases by 3% compared with C0. As the wall temperature further decreases to 0.6 , the transition point and corresponding transition Reynolds number are ≈ 200 0 and Re ≈ 2.0 × 10 6 , respectively, which increases by 18% compared with C0. Furthermore, when the wall temperature is equal to 0.3 , the transition point and corresponding transition Reynolds number are ≈ 290 0 and Re ≈ 2.9 × 10 6 , which significantly increases by 70% compared with C0. The above analysis shows that the wall cooling can delay the transition process, and the delayed effectiveness becomes more obvious with decreasing wall temperature, but the transition process is not completely suppressed until the wall temperature reaches 0.3 times the adiabatic wall temperature. Figure 3 shows the profiles of mean streamwise velocity at four different streamwise locations, including = 210 0 , 246 0 , 335 0 , and 428 0 . The square symbol in Figure 3 represents the laminar velocity profile at the inflow boundary of the computational domain. At = 210 0 , the profiles of C0 and C1 change greatly and inflexion points appear near the critical layer, and the profile of C2 has little change and still maintains laminar flow, while the profile of C3 is almost consistent with the inflow profile. At = 246 0 , the profiles of C0 and C1 still have significant change compared to the previous position, and the profile of C2 also undergoes rapid modification from laminar profile and inflexion points appear, while the profile of C3 has little change and only the boundary layer thickness increases. At = 335 0 , the profiles of C0, C1, and C2 are close to each other and show a typical distribution of turbulent flow, and the profile of C3 significantly deviates from the inflow profile. When = 428 0 , the profiles of all four cases are close to each other, indicating that it has entered the stage of fully developed turbulence. Obviously, the wall cooling changes the mean velocity profiles in the boundary layer and thus increases the stability of the flow field. Figure 4 shows the distributions of mean temperature at = 400 0 , where the transition processes for all cases have been completed and the equilibrium state of fully developed turbulence has been reached. It can be seen that the temperature gradient on the wall gradually increases with decreasing wall temperature; moreover the position of the peak value deviates from the wall.
For compressible flow, the displacement thickness and momentum thickness are defined as
The boundary layer thickness is defined as the distance from the wall where the mean velocity reaches 99% of the freestream velocity. The various thicknesses of boundary layer obtained from the present simulation are plotted in Figure 5 . It can be seen from Figure 5 (a) that the wall cooling makes the boundary layer thickness near the inflow boundary decrease, and the growth rate downstream also reduces (i.e., the slope of the cures decreases). Based on the linear stability theory, a thin boundary layer is less likely to become turbulent. For all cases, the boundary layer thickness rises up quickly when its value reaches about 1.85, indicating that the transition process tends to occur. Because of the wall cooling reducing the boundary layer thickness in the laminar region, the position for rapid increase moves downstream with decreasing wall temperature, indicating again that the wall cooling can delay the transition process. As shown in Figure 5 (b), the profiles of displacement thickness exhibit a similar trend to the boundary thickness; thus the overall distribution decreases with decreasing wall temperature. According to Figure 5(c) , the wall cooling has little effect on the momentum thickness in the laminar region and only delays its rapid growth. As can be seen in Figure 4 , the wall cooling reduces the distribution of mean temperature in the boundary layer, so the local average speed of sound also decreases. The turbulent Mach number is defined as
Consequently, the turbulent Mach number will change with wall cooling. The profiles of the turbulent Mach number at = 400 0 are given in Figure 6 . In the viscous sublayer, the turbulent Mach number changes a little. In the buffer and logarithmic region, the distributions of the turbulent Mach number increase significantly with decreasing wall temperature. The peak value of the turbulent Mach number is equal to 0.43 for C0 and increases to 0.68 for C3, indicating that the wall cooling can enhance the compressibility effects. Furthermore, the position of the peak value moves away from the wall. Therefore, the distributions of the turbulent Mach number in the boundary layer are not only depending on freestream Mach number, and the effect of wall cooling is also significant.
The rms density fluctuations normalized by the mean density profile at = 400 0 are presented in Figure 7 . As shown in Figure 7(a) , when the abscissa is normalized by conventional wall variables, the values of the rms density fluctuations have no significant differences for all cases; just the overall distribution deviates from the wall. According to Figure 8 depicts the instantaneous isosurface of = 0.02 for case C0 to case C3, respectively, where is the second invariant of the velocity gradient tensor [23] . These figures show the evolution of complex vortex structures in the transition process. As shown in Figure 8(a) , a series of open-tip Λ vortices are observed between 170 0 and 210 0 , and these Λ vortices are staggered in the streamwise direction. Starting from = 210 0 , the Λ vortices are stretched and underwent deformation by the shear effect, forming hairpin-like vortices which have close tips and open tails. Subsequently, the hairpin vortices continue to develop into ring-like vortices along the downstream. When > 250 0 , the broken ring-like vortices lead to the generation of some small scale structures, indicating that the transition process tends to finish. It can be found through a comparison that the appearance of the Λ vortices moves downstream with decreasing wall temperature. The structures of Λ vortices, hairpin-like vortices, and ring-like vortices are obvious for case C1. Case C2 has also maintained Λ vortices, but the hairpin-like vortices and ring-like vortices are obscure. Furthermore, the structures of Λ vortices for case C3 also tend to be obscure. Therefore, the wall cooling can suppress the generation and development of the large-scale coherent structures in the transition process.
Wall Suction.
The influence of wall suction on supersonic flat-plate boundary layer transition process is investigated in this section. The wall suction parameters are summarized in Table 2 . and V represent the density and wall-normal velocity in the wall suction region. The suction intensity is defined as the ratio of suction flow rate and freestream flow rate per unit area; therefore the suction intensity gradually increases from case S1 to case S5. The wall suction region chosen in present simulation is located between the inflow boundary and transition point of case C0, and the specific streamwise position is 116.69 0 ≤ ≤ 155.96 0 . Figure 9 plots the distributions of the skin friction coefficient with wall suction. The bold section of cure C0 represents the wall suction region. It can be seen that the skin friction coefficient in this region increases significantly after adding suction. In order to further understand the wall suction effect on the transition process, Table 3 lists the related parameters of transition point, including the position where transition occurs, the corresponding transition Reynolds number, and the percentage of increase compared with case C0. It can be seen that the transition point gradually moves downstream from S1 to S3 with increasing wall suction intensity, making the transition Reynolds number increase. As the wall suction intensity is equal to −9.0 × 10 −3 , the transition point of S4 moves upstream compared to S3.
When the wall suction intensity significantly increases to −2.0 × 10 −2 , the transition Reynolds number of case S5 is less than that of S2 to S4, but still more than C0 and S1. According to the above analysis, the wall suction can also delay the transition process. However, there is an optimal suction intensity under the given conditions, and the delayed effectiveness will be weakened when the suction intensity falls below or exceeds the optimal value. Figure 10 gives the profiles of mean streamwise velocity with wall suction at four different streamwise locations, involving = 150 0 , 210 0 , 335 0 , and 428 0 . At = 150 0 , applying wall suction makes the boundary layer thickness decrease rapidly, and the velocity gradient near the wall increases significantly, resulting in the skin friction coefficient increases. At = 210 0 , the velocity profiles of all wall suction cases maintain laminar profile and are close to the inflow profile. At = 335 0 , the profiles of S1 and S5 obviously deviate from the laminar profile and are close to the turbulent profile of C0, while that of S2 to S4 remains laminar profile and only the boundary layer thickness increases. At = 428 0 , the profiles of S2 to S4 also deviate from the laminar profile and inflexion points exist but are still not consistent with C0, indicating that the flow field has not yet entered the stage of fully developed turbulence. It can be found that the wall suction also changes the velocity profiles of the mean flow field and tends to make it more stable. Figure 11 shows the profiles of the turbulent Mach number at = 428 0 . It can be seen that the distributions of different wall suction cases are similar, and just the peak values of cases S2 to S4 slightly increase. This is because the transition points of case S2 to case S4 are close to this streamwise location, making the flow not fully developed turbulence, while the turbulent fluctuations are comparatively stronger in the transition region based on our previous study. Because the transition process is delayed by the wall suction, the transition region and fully developed turbulent region are away from the suction region, so the wall suction has no influence on the development of large-scale coherent structures in transition process. The vortex structures of cases S2, S3, and S5 are presented in Figure 12 . It can be seen that the Λ vortices, hairpin-like vortices, and ring-like vortices are all obvious in these cases, and only the streamwise locations where vortex structures appear change with different wall suction intensity.
Conclusions and Remarks
In this paper, numerical research of boundary layer transition control is conducted through the spatial large eddy simulation method. The effects of wall cooling and suction on the supersonic boundary layer transition and turbulence over a flat-plate have been carried out. Some conclusions and remarks can be stated as follows.
(1) The wall cooling is capable of delaying the onset of the spatially developing supersonic boundary layer transition. The transition control becomes more effective as the wall temperature drops, but the transition process will not completely stop under the cooling conditions given in the present simulations.
(2) The wall suction can also be beneficial for delaying the transition process, but the effectiveness will be weakened once the wall suction reaches a certain intensity. In addition, the skin friction coefficient in the suction region increases significantly. Hence, one must take the impact of all factors into consideration when the suction is employed for controlling the transition.
(3) The wall cooling and suction change the distributions of the mean velocity in the boundary layer, thereby improving the stability of the flow field. The boundary layer thickness decreases obviously with decreasing wall temperature and increasing wall suction intensity. The distributions of the turbulent Mach number increase significantly with decreasing wall temperature, indicating that the wall cooling can enhance the compressibility effects.
(4) The development of large-scale coherent structures can be suppressed effectively via wall cooling. With decreasing wall temperature, the existence of Λ vortices, hairpin-like vortices, and ring-like vortices in the transition process gradually becomes not obvious. However, the wall suction has no influence on the development of large-scale coherent structures in transition process.
